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Abstract
Metabolic syndrome is associated with increased risk of cardiovascular disease, which
could be related to oxidative stress. Here, we investigated the associations between hepatic
oxidative stress and vascular function in pressurized mesenteric arteries from lean and
obese Zucker rats at 14, 24 and 37 weeks of age. Obese Zucker rats had more hepatic fat
accumulation than their lean counterparts. Nevertheless, the obese rats had unaltered age-
related level of hepatic oxidatively damaged DNA in terms of formamidopyrimidine DNA gly-
cosylase (FPG) or human oxoguanine DNA glycosylase (hOGG1) sensitive sites as mea-
sured by the comet assay. There were decreasing levels of oxidatively damaged DNA with
age in the liver of lean rats, which occurred concurrently with increased expression of Ogg1.
The 37 week old lean rats also had higher expression level of Hmox1 and elevated levels of
DNA strand breaks in the liver. Still, both strain of rats had increased protein level of HMOX-
1 in the liver at 37 weeks. The external and lumen diameters of mesenteric arteries in-
creased with age in obese Zucker rats with no change in media cross-sectional area, indi-
cating outward re-modelling without hypertrophy of the vascular wall. There was increased
maximal response to acetylcholine-mediated endothelium-dependent vasodilatation in both
strains of rats. Collectively, the results indicate that obese Zucker rats only displayed a mod-
est mesenteric vascular dysfunction, with no increase in hepatic oxidative stress-generated
DNA damage despite substantial hepatic steatosis.
Introduction
Metabolic syndrome is a common disorder with a number of risk factors, including obesity, in-
sulin resistance, high plasma concentration of lipids, fasting hyperglycaemia and hypertension
[1]. Moreover, metabolic syndrome is intricately associated with non-alcoholic fatty liver
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disease [2]. Although this predisposition is considered to be a relatively benign condition, and
may lead to non-alcoholic steatohepatitis entailing both inflammation and oxidative stress.
There are associations between elevated free fatty acids levels in serum, insulin resistance and
endothelial dysfunction where oxidative stress also plays a role [3]. Endothelial dysfunction
can be measured in various segments of the arterial side of the vascular system. With regards to
the associated toxic effects in the liver and high energy intake, the vasomotor dysfunction of
mesenteric arteries is particularly interesting considering the splanchnic hemodynamics and
portal blood flow. Indeed, hepatic steatosis has been associated with increased portal pressure
and intrahepatic endothelial dysfunction in a rat model [4]. Moreover, liver cirrhosis is often
associated with endothelial dysfunction in the mesenteric arteries in humans [5].
We hypothesized that hepatic oxidative stress and steatosis related to hyperphagia would be
associated with vascular dysfunction due to increased portal pressure and with reverse failure
to the mesenteric vascular bed. This can display as altered vasomotor function or remodelling
of mesenteric arteries. Outward remodelling (i.e. increased vessel size) is described in the con-
text of atherosclerosis where a compensatory enlargement of vessel counteracts protrusion of
plaques into the vessel lumen. However, outward remodelling may also occur due to increased
blood flow in non-atherosclerotic vessels [6]. This can be investigated in obese Zucker rats,
which develop characteristics similar to metabolic syndrome in humans. These rats suffer from
hyperphagia due to a lack of functional leptin receptors leading to obesity, hyperlipidaemia,
mild glucose intolerance and hyperinsulinaemia, as well as hypertension and non-alcoholic
fatty liver disease [7]. Oxidative stress and inflammation are often implicated in the hepatic re-
sponse in Zucker rats [8]. Here, we measured signs of oxidative stress by the expression level of
heme oxygenase (decycling) 1 (Hmox1) that contains an anti-oxidant response element in the
promoter region and it is up-regulated in response to oxidative stress [9]. This was accompa-
nied by measurement of HMOX-1 protein in the Zucker rat livers. In addition, the levels of oxi-
datively damaged DNA in the liver as strand breaks (SB, including alkali-labile sites) and
formamidopyrimidine DNA glycosylase (FPG) and human oxoguanine DNA glycosylase
(hOGG1) sensitive sites was quantified. The FPG enzyme detects 8-oxo-7,8-dihydroguanine
and ring-opened formamidopyrimidine lesions, whereas the hOGG1 enzyme only detects the
former. 8-Oxo-7,8-dihydroguanine is a pre-mutagenic lesion in DNA and it has been observed
in cohort studies that increased excretion of this nucelobase or 8-oxo-7,8-dihydro-2’-deoxy-
guanosine (8-oxodG) in urine which is associated with risk of lung or breast cancer in humans
[10–12]. We also measured the expression level of N-methylpurine DNA glycosylase (Mpg) that
is involved in the repair of lipid peroxidation-derived exocyclic DNA adducts [13], as well as
assessing the expression of sterol regulating element-binding protein 2 (Srebp-2) involved in the
metabolism of cholesterol in the liver [14]. In addition, alterations in the transport capacity of
sterols were assessed by expression of ATP-binding cassette, sub-family G (WHITE), member
5 (Abcg5) and 8 (Abcg8), which encode transporters of cholesterol excretion into bile [15,16].
The specific purpose of the study was to investigate the effects of age on hepatic oxidative stress
and vasomotor function and vessel wall remodelling in isolated mesenteric resistance arteries
of lean and obese Zucker rats.
Materials and Methods
Housing
Age-matched lean and obese Zucker female rats (Charles River, Germany) were acclimatized
for at least one week before starting the experimental protocol. They were housed in an animal
facility with 12/12 h light/dark cycles, optimal temperature (22–24°C) and humidity (40–70%).
All rats had free access to tap water and Standard Altromin no. 1314 rat chow (Altromin, Lage,
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Germany). All animal procedures followed the guidelines for the care and handling of laborato-
ry animals and were ethically approved (The Danish government, and the Animal Experiment
Inspectorate, under the Ministry of justice (no.2006/561–1161)). The rats were euthanized at
14, 24 or 37 weeks of age. The rats from this study have previously served as a control group in
experiments on oral exposure to carbon black [17,18]. There were 8 rats in each group of lean
and obese Zucker rats. However, for a few rats the mesenteric arteries could not be used due to
the inclusion or exclusion criteria and the reported number of animal in some groups may be
smaller for the mesenteric vasomotor response. The rats were housed in metabolic cages for
24 h prior to euthanasia. They were anaesthetized with Hypnorm/Dormicum (0.3 ml/100 g
body weight) and blood samples taken from the tip of the tail. The rats were killed by cervical
dislocation and mesenterium removed and processed on the same day, whereas the liver was
snap frozen and stored at -80°C for later analysis of DNA damage, gene expression and
Western blot.
Measurement of DNA damage by the comet assay
The level of SB, FPG- and hOGG1-sensitive sites was measured by the comet assay as previous-
ly described [19]. The cells were embedded into 0.75% agarose on gel bonds and lyzed either
for 1 h or overnight in lysis solution (2.5 M NaCl, 100 mMNa2EDTA, 10 mM Trizma base, pH
10.0). The gel bonds were washed 3×5 min in a buffer (40 mMHEPES, 0.1 M KCl, 0.5 mM
Na2EDTA, 200 μg/ml BSA, pH 8.0). FPG or hOGG1 enzyme was added to the relevant gel
bonds and incubated for 45 min at 37°C. The FPG enzyme was a gift from Professor Andrew
Collins (University of Oslo, Norway), and the hOGG1 enzyme was obtained from New En-
gland Biolabs (Ipswich, MA, USA). The gel bonds were then transferred to alkaline solution for
40 min (1 mMNa2EDTA, 300 mMNaOH, pH> 13.0) and were subsequently subjected to
electrophoresis for 20 min in the same buffer at 300 mA and 0.83 V/cm (from anode to cath-
ode). After electrophoresis, gel bonds were washed 3×5 min in neutralization buffer (0.4 M
Trizma base, pH 7.5), rinsed with water and immersed in 96% ethanol overnight. Gel bonds
were air-dried, stained with YOYO-1 (Molecular probes, Eugene, OR, USA) and visually
scored in a blinded fashion. The levels of DNA damage were obtained by scoring 100 nuclei/gel
in 2 gels. We used a five-class scoring system and transformed to lesions/106 bp with a calibra-
tion curve where one arbitrary unit corresponds to 0.0273 lesions/106 bp [20]. The level of FPG
or hOGG1 sensitive sites was calculated as the difference in DNA damage between slides that
had been treated with the FPG or hOGG1 enzyme and buffer. We used Ro19-8022 and light
exposed monocytic THP-1 cells as reference controls, which has been used as control in comet
assay validation trials [21–23]. Ro19-8022 was a gift from F. Hoffmann-La Roche (Basel, Swit-
zerland).The levels of SB, FPG- and hOGG1-sensitive sites were 0.51 ± 0.31, 0.77 ± 0.19 and
0.48 ± 0.12 lesions/106 base pairs, respectively.
Measurement of gene expression
Gene expression in rat livers was measured by quantative real-time-PCR with 18S as reference
gene as described previously [19]. The Gene IDs are as follows: Abcg5 (Gene ID: 114628),
Abcg8 (Gene ID: 155192), Hmox1 (Gene ID: 24451),Mpg (Gene ID: 24561), Ogg1 (Gene ID:
81528) and Srebp-2 (Gene ID: 50671). The quantification of gene expression was determined
by real-time PCR using the Taqman gene expression assay with deoxyribonuclease (DNase)
treatment to degrade genomic DNA. The probe and primers were: Abcg5 (Rn00587092_m1),
Abcg8 (Rn00590367_m1),Hmox1 (Rn00561387_m1),Mpg (Rn00561506_m1), Ogg1
(Rn00578409_m1) and Srebp2 (Rn01502638_m1) and eukaryotic 18S rRNA (X03205.1)
Oxidative Stress and Vascular Dysfunction in Rats
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(Applied Biosystems, Life Technologies Europe BV, Nærum, Denmark). The level of mRNA
expression normalized to the level of 18S rRNA was calculated as 2-ΔCt.
Determination of HMOX1 protein levels in liver lysates
For western blot analysis five animals were chosen from each group in random and total pro-
tein extracted from the livers and concentrations measured by Coomassie Plus Bradford assay
reagent (Thermo Scientific, USA). β-mercaptoethanol was added to a final concentration of
5%, after which each sample was denatured by heating for 10 min (95°C). Next, 40 μg of pro-
tein from each sample was added to a 10% sodium dodecyl sulphate (SDS)-polyacrylamide gel
electrophoresis (PAGE) gel. Electrophoresis productions were transferred onto polyvinylidene
difluoride (PVDF) membranes (Bio-rad, USA), blocked with 5% bovine serum albumin/0.1%
Tween-20, incubated with primary antibody (1:1000) (Sigma, UK) and HRP-conjugated sec-
ondary antibody (1:5000) (AbD Serotec, UK), respectively. The proteins were visualized using
the ECLWestern Blotting substrate kit (Abcam, USA) according to its manufacturer’s instruc-
tions. Finally, immunoblotting signals were quantitated using Image Studio 4.0 (LI-COR Bio-
technology, USA).
Vasomotor function
The mesenterium was pinned to the bottom of a dish, and a 5–8 mm long segment of the sec-
ond-order branch of the mesenteric artery was dissected free from fat and surrounding tissue.
Arterial segments were transferred to a chamber of a pressure myograph (Pressure myograph
110P, Danish Myo Technology, Århus, Denmark), containing bicarbonate-buffered physiolog-
ical salt solution (PSS: 119 mMNaCl, 25 mMNaHCO3, 4.7 mM KCL, 1.18 mM KH2PO4, 1.17
mMMgSO4  7 H2O, 1.5 mM CaCl2  2H2O, 0.027 mM ethylene diamine tetraacetic acid and
5.5 mM glucose), which was kept at a constant temperature of 37°C and continuously aerated
with a gas mixture of 5% CO2 and 95% O2 to maintain a pH of 7.4. At one end, the vessel was
cannulated with the inflow pipette and tied with 11–0 nylon surgical thread. To flush blood out
of the vessel lumen the inflow pressure was gently raised to 20 mmHg. At the other end, the
vessel was cannulated with the outflow pipette and tied with 11–0 nylon surgical thread. After
mounting, the chamber was transferred to the stage of an inverted microscope and the pressure
was gently raised to 20 mmHg in PSS heated to 37°C and oxygenated with a gas mixture of 5%
CO2 and 95% O2. After equilibration for 15 min the pressure was gently raised to 180 mmHg
(10-mmHg increase in each step), at which point the vessel length was adjusted to avoid any
buckling of the vessel. Thereafter the vessel was equilibrated at 80 mm Hg to generate sponta-
neous myogenic tone. The vessel segment was viewed through an inverted microscope and the
vessel diameter evaluated continuously via a video microscope and analysed with Myo-
View1.2P (Danish Myo Technology, Århus, Denmark).
All experiments were performed under no-flow conditions where inlet and outlet pressures
were equal. After equilibration at 80 mmHg for 20 min the pressure was set to 60 mmHg. The
vessel segment was contracted (depolarised) with KPSS (125 mM K+) (same composition as
PSS with the exception of the NaCl substituted with KCl on an equimolar basis) on three occa-
sions separated by PSS washouts. This was done to verify functionality of the vessel segments,
and the reproducibility of evoked contractions, and to deplete the sympathetic nerve endings
of neurotransmitters (in particular noradrenaline). The endothelial function of the vessels was
determined by pre-contracting the vessel segment with 2 × 10-5 M prostaglandin 2α and then
performing cumulative concentration-response curve with acetylcholine (10-10–10-4 M with
log-unit increments) on a stable pre-contraction tone induced by prostaglandin 2α. The
Oxidative Stress and Vascular Dysfunction in Rats
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presence of functional endothelium was assessed by the ability of acetylcholine to induce an in-
crease in maximal relaxation by 40% in the pre-contracted vessels.
All steps in the concentration-response curve were collected in a graph with time as function
of vessel diameter with a steady state value determined for each step. All the calculated values
of vessel diameter were subtracted from the passive diameter (at 60 mmHg) and vasodilatation
was expressed as the percentage of the pre-contracted diameter. The EC50 and Emax values
were calculated using GraphPad Prism version 5.02 (San Diego, CA, USA). The data were fitted
to sigmoid curves with variable slopes using non-linear regression analysis.
In order to determine the active pressure-diameter relationship the vessel segment was
washed three times with PSS and the pressure was raised from 20 mmHg to 180 mmHg in
20-mmHg steps. Finally, the pressure steps were repeated in the presence of Ca2+-free PSS to
construct a passive pressure curve. The pressure-diameter relationship was constructed from
all increments in the pressure curve. Each pressure step was collected in a graph with time as a
function of vessel diameter and a steady value was determined for each step.
Statistical analysis
The results were analysed by two-way ANOVA with age and strain as categorical variables.
Variance of homogeneity was assessed by Levene’s test. Results on HMOX-1 protein expres-
sion lever in liver tissue was analysed by two-way non-parametric ANOVA. For the pressure
curves area in the assessment of vasodilatation, the area under the curve (AUC) were calculated
and used for statistical analysis. All data are presented as mean ± SEM. The dose-response
curves were analysed by ANOVA test.
Results
Body weight, hepatic lipid load, serum concentrations of non-fasting
insulin, cholesterol and triglycerides are increased in obese Zucker rats
Table 1 displays a summary of body weight, hepatic lipid load and serum concentrations of
non-fasting glucose, insulin, cholesterol, and alanine aminotransferase (ALT) (reproduced
from previous publications) [17,18]. Both the lean and obese Zucker rats increased their body
weight, although the obese Zucker rats had substantially higher body weight than the lean
counterparts. The concentration of triglycerides and cholesterol were significantly higher in
the obese Zucker rats at all ages. On the other hand, there was no difference in the serum con-
centration of non-fasting glucose between the obese and lean Zucker rats. All urine samples
tested negative for glucose. The serum insulin concentrations declined with age in the obese
Zucker rats.
Both strains of rats had age-dependent increased lipid load in the liver, with these accumula-
tions most evident in the obese rats at all ages. Nevertheless, there were unaltered serum levels
of ALT in both the lean and obese Zucker rats.
Lean Zucker rats have an age-associated increase in levels of DNA
strand breaks and decreased levels of FPG-sensitive sites in the liver
There was increased level of DNA strand breaks in the lean rats at 37 weeks as compared to 14
weeks old lean rats and the 37 weeks old obese rats (Fig. 1A, P<0.05 for interaction between
age and strain). The level of FPG-sensitive sites decreased with increasing age in the lean rats.
The obese rats at 14 weeks had lower levels of FPG-sensitive sites than the lean rats at 14 weeks
of age (Fig. 1B, P<0.05 for interaction between age and strain). There was no statistically signif-
icant changes in the levels of hOGG1-sensitive sites (Fig. 1C, P<0.10).
Oxidative Stress and Vascular Dysfunction in Rats
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Lean rats have increased gene expression ofHmox1 andOgg1 in the liver
There was increased gene expression ofHmox1 in the liver of lean rats as compared to the
obese counterparts (Fig. 2A, P<0.05). The expression of Ogg1 in lean rats at 37 weeks of age
was increased as compared to both 14 weeks lean rats and 37 weeks obese rats (Fig. 2B,
P<0.05, single-factor effect of age). The gene expression ofMpg was unaltered (Fig. 2C,
P>0.05).
Both lean and obese Zucker rats have accumulation of HMOX-1 in the
liver at week 37 as compared to week 10
Fig. 3 depicts the protein levels of HMOX-1 in liver tissue. For both strains of rats there were
higher protein levels of HMOX-1 in the liver at week 37 as compared to week 10 (P<0.05),
whereas there were no difference in the expression level between the strains (P = 0.21).
Lean rats have increased expression of Srebp2, whereas obese Zucker
rats have substantially decreased expression of cholesterol transporter
proteins Abcg5 and Acbg8
The expression level of Srebp2 was increased in 37 weeks old lean rats as compared to the 14
weeks lean rats (P<0.01 and 37 weeks obese rats (P<0.001) (Fig. 4A).There was a decreased
Table 1. Body weight, hepatic lipid load and serum concentrations of triglycerides, cholesterol, non-
fasting glucose, insulin and ALT in lean and obese Zucker rats.
End point Age group Lean rats Obese rats
Body weight (g) 14 wk 220.4±4.4 416.9±12.6*
24 wk 256.3±6.5 579.3±19.6*
37 wk 281.9±7.3 695.0±29.7*
Triglyceride (mM) 14 wk 1.09±0.17 12.32±3.55*
24 wk 1.08±0.16 18.73±4.84*
37 wk 1.69±0.33 20.51±5.05*
Cholesterol (mM) 14 wk 2.18±0.073 3.25±0.23*
24 wk 2.11±0.16 4.69±1.23*
37 wk 2.49±0.17 7.67±1.46*
Glucose (mM) 14 wk 8.09±0.35 7.33±0.54
24 wk 7.28±0.23 8.40±0.52
37 wk 7.10±0.20 7.79±0.44
Insulin (μg/L) 14 wk 0.85±0.10 6.23±1.14*
24 wk 0.65±0.07 1.99±0.26*
37 wk 1.04±1.01 1.31±0.20
ALT (U/ml) 14 wk 91.4 ± 14.4 53.9 ± 4.2
24 wk 54.4 ± 7.1 97.0 ± 25.7
37 wk 85.6 ± 14.3 57.9 ±11.9
Lipid accumulation (fold) 14 wk 1.0±0.2 3.1 ± 0.1*
24 wk 2.6 ± 0.2 3.6 ± 0.2*
37 wk 2.8 ± 0.2 3.4 ± 0.1*
The results have been reported previously [17,18]. Lipid accumulation was assessed by Oil Red staining of
liver tissue sections.
*P<0.05 compared to lean rats at the same age. The results is presented as the mean ± SEM (n = 6–8).
doi:10.1371/journal.pone.0118773.t001
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gene expression of Abcg5 in the obese animals (Fig. 4B, P<0.001). The expression level of
Abcg8 was higher at 14 weeks (P<0.001) and 24 weeks (P<0.05) in the lean rats as compared
to obese rats at the same age, respectively (Fig. 4C).
Obese Zucker rats display outward remodelling in the mesenteric
arteries
Fig. 5 shows the pressure-diameter relationship in the lean and obese Zucker rats. The increase
in the intraluminal pressure was associated with an increase in the external vessel diameter of
the isolated mesenteric arteries, indicating that a myogenic response was not activated under
these circumstances. The external diameter of the pressurized mesenteric arteries from lean
Zucker rats did not increase significantly with age, whereas the obese Zucker rats at the age of
24 (P<0.05) and 37 weeks (P<0.01) had larger external diameter than the younger rats
(Fig. 5A-C). In addition, the obese Zucker rats had a larger external diameter than the lean
counterparts at 24 (P<0.01) and 37 (P<0.05) weeks of age (Fig. 5D).
To investigate the passive structural properties the external and lumen diameters were mea-
sured in the presence of Ca2+ free extracellular medium, and the wall thickness (WT), media/
lumen-ratio (M/L) and media cross sectional area (CSA) were estimated at a distending pres-
sure of 60 mm Hg in all groups. The lumen diameter increased significantly with age in the
obese Zucker rats (Fig. 6A), whereas there were no significant changes in the WT (Fig. 6B), M/
L (Fig. 6C), and CSA (Fig. 6D). These results indicate the presence of outward eutrophic re-
modelling of the vascular wall in the obese Zucker rats at weeks 24 and 37.
Exposure to acetylcholine induced a concentration-dependent dilatation in mesenteric ar-
teries pressurized at 60 mmHg (Fig. 7A-C). The corresponding pEC50 and Emax values are re-
ported in Table 2. There were higher Emax values at 24 and 37 weeks of age as compared to the
corresponding 14 week animals in both lean and obese groups (P<0.05), whereas there was no
difference between the two strains. By contrast, the pEC50 values were unaltered with regards
to both strain and age differences.
Discussion
The results of the present study showed increased levels of DNA strand breaks in the liver of
lean Zucker rats, whereas the same group had an age-dependent decrease in levels of oxidative-
ly damaged DNA that occurred concurrently with increased gene expression of Ogg1 and
Hmox1 and HMOX-1 protein levels in the liver. By contrast, mesenteric arteries from the
obese rats exhibited outward remodelling without vessel wall hypertrophy, with similar respon-
siveness to acetylcholine-mediated vasodilatation as lean counterparts.
The obese rats in the present study displayed altered lipid metabolism, including high
serum concentrations of triglycerides and cholesterol as well as increased hepatic lipid load.
The unaltered serum levels of ALT indicate that metabolic alteration occurred without hepatic
cytotoxicity. There was also indication of intrinsic hepatic dysregulation of sterol transport in
terms of down regulation of Abcg5 and Abcg8. The unaltered non-fasting glucose concentra-
tions and the concurrent increase in insulin concentrations in the serum of the obese rats sug-
gest t insulin resistance.
It is well-known that cells respond to oxidative stress by increasing the expression of
Hmox1, although the reason for increasing catabolism of heme is unclear as a cellular
Fig 1. DNA strand breaks (A), FPG- (B) and hOGG1-sensitive sites (C) in the liver of lean or obese
Zucker rats. The results are presented as mean and SEM (n = 7–8 per group). *P<0.05 compared to same
strain of rat. #P<0.05 compared to the lean counterpart at the same age.
doi:10.1371/journal.pone.0118773.g001
Oxidative Stress and Vascular Dysfunction in Rats
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Fig 2. Expression of Hmox1 (A),Ogg1 (B) andMpg (C) in the liver of lean and obese Zucker rats. The
results are shown as mean and SEM (n = 6–8 per group).
doi:10.1371/journal.pone.0118773.g002
Oxidative Stress and Vascular Dysfunction in Rats
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protection mechanism [9]. The observations of increased HMOX-1 protein expression and de-
creased levels of oxidatively damaged DNA in the liver of lean rats suggest a cellular protection.
This is supported by earlier observations in which 12 week old Zucker rats had increased hepat-
ic expression ofHmox1 and enzyme activity following inhalation of isoflurane, whereas no dif-
ference in the hepatic Hmox1 expression between lean and obese rats was noted [24]. Hmox1 is
regulated by nuclear factor erythroid-2 related factor-2 (Nrf2), although Nrf2-independent
pathways of Hmox-1 regulation do exist [9]. Nrf2 is involved in the regulation of genes in oxi-
dant-defence and redox signalling [25]. It has been shown that increased Nrf2 activity is associ-
ated with a higher level of hepatic steatosis in leptin-deficient obese mice [26]. Increased Nrf2
expression was also observed in young (3 months) LDL receptor knockout mice on a high-fat
diet, whereas middle aged mice (12 months) with a more pronounced hepatic steatosis had un-
altered expression of Nrf2 [27]. However, mice fed a high-fat diet had decreased hepatic lipid
accumulation following exposure to a synthetic oleanolic triperpenoid compound with strong
Nrf2 inducing activity [28]. It has also been shown that rats fed on a rich fat and carbohydrate
diet (fructose and sucrose) for 8 weeks displayed hepatic lipid accumulation and injury (in-
creased plasma levels of ALT and AST), where the expression levels of Nrf2 and Hmox1 were
decreased [29]. Additionally, mice which were genetically altered to express either low or high
Nrf2 activity did not differ in the extent of hepatic triglyceride content when fed on a high-fat
diet [30]. Nrf2 deficient mice on a high-fat diet had the same extent of hepatic lipid accumula-
tion as wild-type animals, whereas they displayed increased inflammation and tissue injury in
terms of plasma ALT and AST [31]. Another study also investigated the effect of high-fat diet
in Nrf2 deficient mice and showed increased hepatic lipid accumulation, inflammation and tis-
sue injury in terms of plasma ALT and AST in comparison to wild-type mice [32].
Here, the level of DNA damage was assessed as a biomarker of oxidative stress. We have
previously observed an age-dependent increase in the level of DNA strand breaks in the liver of
dyslipidemic apolipoprotein E knockout mice, whereas wild type mice had unaltered levels of
DNA strand breaks [33,34]. There is compelling evidence for age-dependent accumulation of
oxidatively damaged DNA in wild type animal organs [35]. However, the age span in the pres-
ent study was relatively narrow in comparison to previous studies on wild type mice that have
typically used a gap of 1 year or more in difference between the youngest and oldest group of
animals. An earlier study showed that obese Zucker rats had higher levels of liver DNA strand
Fig 3. HMOX-1 protein the liver of lean and obese lean Zucker rats. The results are represented as
mean ± SEM (n = 5 per group) relative band intensity in Western blot. *Statistical significantly increased
compared to young Zucker rats.
doi:10.1371/journal.pone.0118773.g003
Oxidative Stress and Vascular Dysfunction in Rats
PLOS ONE | DOI:10.1371/journal.pone.0118773 March 4, 2015 10 / 19
Fig 4. Expression of Srebp2 (A), Abcg5 (B) and Abcg8 (C) in the liver of lean and obese Zucker rats.
The results are shown as mean and SEM (n = 5–8 per group).
doi:10.1371/journal.pone.0118773.g004
Oxidative Stress and Vascular Dysfunction in Rats
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breaks in comparison to lean Zucker rats at 3, 6 and 15 months [36]. It is possible that the mod-
est age-dependent increase in level of DNA strand breaks in the liver of the lean rats was due to
the narrow age span in the present study. The expression level of Hmox1 and HMOX-1 protein
also increased age-dependently in the lean rats, which suggests that the increased level of DNA
strand breaks was not a coincidence. It should be noted that our observations are not in contra-
diction to earlier studies in which signs of oxidative stress in the liver of obese Zucker rats and
Fig 5. Pressure-diameter relationship measured by increasing the intraluminal pressure from 20mmHg increments from 20 mmHg to 180mmHg
in rats at 14 (A), 24 (B) or 37 weeks (C) of age. The AUC values are shown in (D). *Statistical significantly increased compared to young obese Zucker rats
(mean and SEM).
doi:10.1371/journal.pone.0118773.g005
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hepatic cytotoxicity (increased serum ALT levels) were observed. For instance, it was shown
that 23 weeks old obese Zucker rats had lower levels of glutathione as well as reduced activity
of catalase, glutathione peroxidase and superoxide dismutase in the liver, although this was
also associated with increased serum levels of ALT [37,38].
It was somewhat surprising that the level of oxidatively damaged DNA decreased with age
in the lean rats and that the young obese Zucker rats had lower levels of oxidatively damaged
DNA than the lean counterparts. In the lean rats this can be explained by increased expression
level of Ogg1. We have previously observed inverse relationships between levels of oxidatively
damaged DNA and expression of Ogg1 in the lung and liver of rats exposed to particulate mat-
ter and ionizing radiation [39–43]. Here, the increased expression of Ogg1 seems to be a differ-
ential effect related to the repair of small oxidized DNA lesions such as 8-oxodG, highlighted
Fig 6. Vessel lumen diameter (A), wall thickness (B), media/lumen ratio (C), andmedia cross sectional area (D) at 60 mmHg in Ca2+-free medium.
*Statistically significant increase compared to lean counterparts (mean and SEM).
doi:10.1371/journal.pone.0118773.g006
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by the fact that no alteration in the expression ofMpg which is involved in the response to
other types of DNA lesions. Other studies have shown that 22 weeks old lean and obese Zucker
rats had the same level of immunostaining of 8-oxodG in the liver, whereas lean rats on a cho-
line-deficient diet had higher 8-oxodG immunostaining than obese Zucker rats [44]. This is
further supported by observations of the same level of 8-oxodG immunostaining in the kidney
and pancreas of 26 weeks lean or obese Zucker rats [45]. However, it should be noted that these
antibody-based detection methods of 8-oxodG are regarded as being highly unspecific as evi-
denced by measurements of the background level of 8-oxodG that are orders of magnitude
higher than the widely accepted levels of the lesion based on chromatographic and/or enzymic
detection [46]. Collectively, our data suggest that hepatic steatosis as seen in obese Zucker rats
is not associated with oxidative stress to DNA. Nevertheless, decreased levels of oxidatively
damaged DNA occurred concurrently with increased expression of Ogg1 and seemingly unal-
tered steady-state levels of base lesions, possibly at the expense of increased levels of DNA
strand breaks.
The age-dependent increase in external and passive lumen diameter in the obese rats indi-
cates outward remodelling of the mesenteric arteries. This occurred irrespective of acetylcho-
line-mediated endothelium-dependent vasodilatation, indicating that outward remodelling in
the obese Zucker rats was not caused by endothelial dysfunction. It has been reported previous-
ly that mesenteric arteries of 20 week old obese Zucker rats had the same acetylcholine-mediat-
ed vasodilatation response as lean Zucker rats and the differences in Emax and pEC50 of
acetylcholine concentration-response curves between lean and obese rats at 32 weeks of age
were not statistically significant [47]. However, an age-dependent progression of outward re-
modelling in mesenteric arteries also has been observed in wild type rats at the age 2 to 26
months [48]. Furthermore, it has been demonstrated that mesenteric arteries from 15–18 week
old obese Zucker rats had blunted endothelial-dependent vasomotor dysfunction without re-
modelling [49], and third order mesenteric arteries from 25 weeks old obese Zucker rats had
impaired acetylcholine-mediated vasodilatation [50]. Moreover, outward remodelling and de-
creased responsiveness to acetylcholine-mediated vasodilatation in first order mesenteric arter-
ies was observed with high-flow condition by ligation of adjacent lateral vessels in obese
Zucker rats [51]. The acetylcholine-mediated vasodilatation was attenuated in pressurised cor-
onary arteries and to a lesser extent in aorta segments and pressurised mesenteric arteries with
advancing age and/or manifestation of diabetes in Zucker rats [52]. In this context, our
Fig 7. Acetylcholine-mediated endothelium-dependent vasodilatation in pressurized (60 mmHg)
mesenteric arteries of rats at 14 (A), 24 (B) or 37 weeks (C) of age. *Statistically significant effect of age
and group (pEC50 single-factor effect). The results are shown as mean and SEM.
doi:10.1371/journal.pone.0118773.g007
Table 2. Acetylcholine-mediated endothelium-dependent vasodilatation in pressurised (60 mmHg)
second-order mesenteric arteries of rats at 14, 24 or 37 weeks of age.
Age pEC50 Emax (%of maximal relaxation)
Lean Obese Lean Obese
14 weeks -7.03 ± 0.36 (4) -6.71 ± 0.23 (7) 72.9 ± 5.2 (4) 73.4 ± 5.6 (7)
24 weeks -6.85 ± 0.15 (8) -6.80 ± 0.13 (6) 91.2 ± 1.3 (8)* 86.0 ± 0.9 (6) *
37 Weeks -7.04 ± 0.14 (8) -6.7 ± 0.10 (8) 85.5 ± 1.8 (8) * 85.4 ± 1.8 (8) *
Mean ± SEM (n).
*P<0.05 compared with the corresponding 14 weeks old rats.
doi:10.1371/journal.pone.0118773.t002
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experimental system differs somewhat from earlier studies with regards to the type of vessel,
low-diabetic condition and age of the rats. In this study, it is plausible that a larger diameter of
the mesenteric second order arteries increasing with age is related to generally higher blood
flow required to sustain the growth of the obese Zucker rats. The development of more severe
steatosis induced by a methionine-choline deficient diet has also been associated with increased
portal pressure and endothelial dysfunction in the liver [4], whereas severe liver cirrhosis was
associated with endothelial dysfunction in the mesenteric arteries [5]. The vascular effect in the
present study should be viewed in similar light with our previous data where we observed de-
creased acetylcholine- and nitroglycerin-mediated vasorelaxation in aorta segments (isometric
preparations using wire myograph setup) from the obese Zucker rats at the age of 24 and 37
weeks, whereas there was no difference at the age of 14 weeks [17]. These observations are in
agreement with a study of 32 weeks old Zucker rats, which had impaired acetylcholine-mediat-
ed vasorelaxation in aorta segments, whereas no difference in acetylcholine-mediated vasore-
laxation of mesenteric arteries from the same rats was noted [53]. All these studies have used
variably sized vessels and animals ranging in age, diet and experimental conditions, which
might explain some of the differences reported in terms of vascular functions between obese
and lean Zucker rats. However, our results are consistent with the perception that the vasomo-
tor function of mesenteric arteries appear less sensitive than the aorta and coronary arteries to
metabolic syndrome changes evolving in obese Zucker rats.
In conclusion, this study showed that obese Zucker rats had increased hepatic lipid load
without a clear indication of oxidative stress-generated DNA damage. There was outward re-
modelling of second order mesenteric arteries that was not associated with acetylcholine-con-
trolled endothelium-dependent vasomotor dysfunction.
Acknowledgments
The authors are also thankful to Rasmus Koefoed Petersen and Hanne Vie at The August
Krogh Centre for their assistance with the visualisation of HMOX-1 protein.
Author Contributions
Conceived and designed the experiments: JKF SL PM. Performed the experiments: ML JKF
AK. Analyzed the data: ML JKF AK PM. Contributed reagents/materials/analysis tools: SL MS.
Wrote the paper: ML JKF MS LJJ AK SL PM.
References
1. Eckel RH, Grundy SM, Zimmet PZ. The metabolic syndrome. Lancet. 2005; 365: 1415–1428. PMID:
15836891
2. Bhatia LS, Curzen NP, Calder PC, Byrne CD. Non-alcoholic fatty liver disease: a new and important
cardiovascular risk factor? Eur Heart J. 2012; 33: 1190–1200. doi: 10.1093/eurheartj/ehr453 PMID:
22408036
3. Imrie H, Abbas A, Kearney M. Insulin resistance, lipotoxicity and endothelial dysfunction. Biochim Bio-
phys Acta. 2010; 1801: 320–326. doi: 10.1016/j.bbalip.2009.09.025 PMID: 19818873
4. Francque S, LalemanW, Verbeke L, Van SC, Casteleyn C, KwantenW, et al. Increased intrahepatic re-
sistance in severe steatosis: endothelial dysfunction, vasoconstrictor overproduction and altered micro-
vascular architecture. Lab Invest. 2012; 92: 1428–1439. doi: 10.1038/labinvest.2012.103 PMID:
22890552
5. Salcedo A, Garijo J, Monge L, Sanchez A, Fernandez N, Garcia-Villalon AL, et al. Endothelium-depen-
dent relaxation of isolated splanchnic arteries from cirrhotic patients: Role of reactive oxygen species.
Hepatol Res. 2007; 37: 811–819. PMID: 17584193
6. Ward MR, PasterkampG, Yeung AC, Borst C. Arterial remodeling. Mechanisms and clinical implica-
tions. Circulation 2000; 02: 1186–1191.
Oxidative Stress and Vascular Dysfunction in Rats
PLOS ONE | DOI:10.1371/journal.pone.0118773 March 4, 2015 16 / 19
7. Aleixandre de Artinano A, Castro MM. Experimental rat models to study the metabolic syndrome. Br J
Nutr. 2009; 102: 1246–1253. doi: 10.1017/S0007114509990729 PMID: 19631025
8. Rolo AP, Teodoro JS, Palmeira CM. Role of oxidative stress in the pathogenesis of nonalcoholic steato-
hepatitis. Free Radic Biol Med. 2012; 52: 59–69. doi: 10.1016/j.freeradbiomed.2011.10.003 PMID:
22064361
9. Gozzelino R, Jeney V, Soares MP. Mechanisms of cell protection by heme oxygenase-1. Annu Rev
Pharmacol Toxicol.2010; 50: 323–354. doi: 10.1146/annurev.pharmtox.010909.105600 PMID:
20055707
10. Loft S, Svoboda P, Kasai H, Tjonneland A, Vogel U, Møller P, et al. Prospective study of 8-oxo-7,8-dihy-
dro-2'-deoxyguanosine excretion and the risk of lung cancer. Carcinogenesis. 2006; 27: 1245–1250.
PMID: 16364924
11. Loft S, Svoboda P, Kawai K, Kasai H, Sørensen M, Tjonneland A, et al. Association between 8-oxo-
7,8-dihydroguanine excretion and risk of lung cancer in a prospective study. Free Radic Biol Med.
2012; 52: 167–172. doi: 10.1016/j.freeradbiomed.2011.10.439 PMID: 22044660
12. Loft S, Olsen A, Møller P, Poulsen HE, Tjonneland A. Association between 8-oxo-7,8-dihydro-2'-deoxy-
guanosine excretion and risk of postmenopausal breast cancer: nested case-control study. Cancer Epi-
demiol Biomarkers Prev. 2013; 22: 1289–1296. doi: 10.1158/1055-9965.EPI-13-0229 PMID: 23658396
13. Winczura A, Zdzalik D, Tudek B. Damage of DNA and proteins by major lipid peroxidation products in
genome stability. Free Radic Res. 2012; 46: 442–459. doi: 10.3109/10715762.2012.658516 PMID:
22257221
14. Zhao L, Chen YX, Tang RK, Chen Y, Li Q, Gong JP, et al. Inflammatory stress exacerbates hepatic cho-
lesterol accumulation via increasing cholesterol uptake and de novo synthesis. J Gastroenterol Hepa-
tol. 2011; 26: 875–883. doi: 10.1111/j.1440-1746.2010.06560.x PMID: 21488946
15. Mendez-Gonzalez J, Julve J, Rotllan N, Llaverias G, Blanco-Vaca F, Escola-Gil JC. ATP-binding cas-
sette G5/G8 deficiency causes hypertriglyceridemia by affecting multiple metabolic pathways. Biochim
Biophys Acta Mol Cell BiolLipids. 2011; 1811: 1186–1193. doi: 10.1016/j.bbalip.2011.07.019 PMID:
21855652
16. Su K, Sabeva NS, Liu JJ, Wang YH, Bhatnagar S, van der Westhuyzen DR, et al. The ABCG5 ABCG8
sterol transporter opposes the development of fatty liver disease and loss of glycemic control indepen-
dently of phytosterol accumulation. J Biol Chem. 2012; 287: 28564–28575. doi: 10.1074/jbc.M112.
360081 PMID: 22715101
17. Folkmann JK, Vesterdal LK, Sheykhzade M, Loft S, Møller P. Endothelial dysfunction in normal and
prediabetic rats with metabolic syndrome exposed by oral gavage to carbon black nanoparticles. Toxi-
col Sci. 2012; 129: 98–107. doi: 10.1093/toxsci/kfs180 PMID: 22610611
18. Vesterdal LK, Danielsen PH, Folkmann JK, Jespersen LF, Aguilar-Pelaez K, Roursgaard M, et al. Ac-
cumulation of lipids and oxidatively damaged DNA in hepatocytes exposed to particles. Toxicol Appl
Pharmacol 2014; 274: 350–360. doi: 10.1016/j.taap.2013.10.001 PMID: 24121055
19. Danielsen PH, Loft S, Jacobsen NR, Jensen KA, Autrup H, Ravanat JL, et al. Oxidative stress, inflam-
mation and DNA damage in rats after intratracheal instillation or oral exposure to ambient air and wood
smoke particulate matter. Toxicol Sci. 2010; 118: 574–585. doi: 10.1093/toxsci/kfq290 PMID:
20864625
20. Forchhammer L, Johansson C, Loft S, Möller L, Godschalk RW, Langie SA, et al. Variation in the mea-
surement of DNA damage by comet assay measured by the ECVAG inter-laboratory validation trial.
Mutagenesis. 2010: 25: 113–123. doi: 10.1093/mutage/gep048 PMID: 19910383
21. Ersson C, Møller P, Forchhammer L, Loft S, Azqueta A, Godschalk RWL, et al. An ECVAG inter-labora-
tory validation study of the comet assay: inter- and intra-laboratory variation of DNA strand breaks and
FPG-sensitive sites in human mononuclear cells. Mutagenesis. 2013; 28: 279–286. doi: 10.1093/
mutage/get001 PMID: 23446176
22. Johansson C, Møller P, Forchhammer L, Loft S, Godschalk RW, Langie SA, et al. An ECVAG trial on
assessment of oxidative damage to DNAmeasured by the comet assay. Mutagenesis. 2010: 25: 125–
132. doi: 10.1093/mutage/gep055 PMID: 19948595
23. Forchhammer L, Ersson C, Loft S, Möller L, Godschalk RW, van Schooten FJ, et al. Inter-laboratory
variation in DNA damage using a standard comet assay protocol. Mutagenesis. 2012; 27: 665–672.
doi: 10.1093/mutage/ges032 PMID: 22844078
24. Stoll P, Schwer CI, Goebel U, Buerkle H, Hoetzel A, Schmidt R. Hepatic steatosis prevents heme oxy-
genase-1 induction by isoflurane in the rat liver. World J Gastroenterol. 2011; 17: 4184–4190. doi: 10.
3748/wjg.v17.i37.4184 PMID: 22072849
25. Ma Q. Role of nrf2 in oxidative stress and toxicity. Annu Rev Pharmacol Toxicol. 2013; 53: 401–426.
doi: 10.1146/annurev-pharmtox-011112-140320 PMID: 23294312
Oxidative Stress and Vascular Dysfunction in Rats
PLOS ONE | DOI:10.1371/journal.pone.0118773 March 4, 2015 17 / 19
26. Xu J, Kulkarni SR, Donepudi AC, More VR, Slitt AL. Enhanced Nrf2 activity worsens insulin resistance,
impairs lipid accumulation in adipose tissue, and increases hepatic steatosis in leptin-deficient mice. Di-
abetes. 2012; 61: 3208–3218. doi: 10.2337/db11-1716 PMID: 22936178
27. Gupte AA, Liu JZ, Ren Y, Minze LJ, Wiles JR, Collins AR, et al. Rosiglitazone attenuates age- and diet-
associated nonalcoholic steatohepatitis in male low-density lipoprotein receptor knockout mice. Hepa-
tology. 2010; 52: 2001–2011. doi: 10.1002/hep.23941 PMID: 20938947
28. Shin S, Wakabayashi J, Yates MS, Wakabayashi N, Dolan PM, Aja S, et al. Role of Nrf2 in prevention
of high-fat diet-induced obesity by synthetic triterpenoid CDDO-imidazolide. Eur J Pharmacol. 2009;
620: 138–144. doi: 10.1016/j.ejphar.2009.08.022 PMID: 19698707
29. Panchal SK, Poudyal H, Brown L. Quercetin ameliorates cardiovascular, hepatic, and metabolic
changes in diet-induced metabolic syndrome in rats. J Nutr. 2012; 142: 1026–1032. doi: 10.3945/jn.
111.157263 PMID: 22535755
30. Zhang YK, Wu KC, Liu J, Klaassen CD. Nrf2 deficiency improves glucose tolerance in mice fed a high-
fat diet. Toxicol Appl Pharmacol. 2012; 264: 305–314. doi: 10.1016/j.taap.2012.09.014 PMID:
23017736
31. Collins AR, Gupte AA, Ji R, Ramirez MR, Minze LJ, Liu JZ, et al. Myeloid deletion of nuclear factor ery-
throid 2-related factor 2 increases atherosclerosis and liver injury. Arterioscler Thromb Vasc Biol. 2012;
32: 2839–2846. doi: 10.1161/ATVBAHA.112.300345 PMID: 23023374
32. Okada K, Warabi E, Sugimoto H, Horie M, Gotoh N, Tokushige K, et al. Deletion of Nrf2 leads to rapid
progression of steatohepatitis in mice fed atherogenic plus high-fat diet. J Gastroenterol 2013; 48: 620–
632. doi: 10.1007/s00535-012-0659-z PMID: 22972520
33. Mikkelsen L, Bialkowski K, Risom L, Løhr M, Loft S, Møller P. Aging and depense against generation of
8-oxo-7,8-dihydro-2'-deoxyguanosine in DNA. Free Radic Biol Med. 2009; 47: 608–615. doi: 10.1016/j.
freeradbiomed.2009.05.030 PMID: 19500668
34. Folkmann JK, Loft S, Møller P. Oxidatively damaged DNA in aging dyslipidemic ApoE-/- and wild-type
mice. Mutagenesis. 2007; 22: 105–110. PMID: 17234687
35. Møller P, Løhr M, Folkmann JK, Mikkelsen L, Loft S. Aging and oxidatively damaged nuclear DNA in
animal organs. Free Radic Biol Med. 2010; 48: 1275–1285. doi: 10.1016/j.freeradbiomed.2010.02.003
PMID: 20149865
36. Tenorio NM, Ribeiro DA, Alvarenga TA, Fracalossi AC, Carlin V, Hirotsu C, et al. The influence of sleep
deprivation and obesity on DNA damage in female Zucker rats. Clinics (Sao Paulo). 2013; 68: 385–
389. PMID: 23644860
37. Carmiel-Haggai M, Cederbaum AI, Nieto N. A high-fat diet leads to the progression of non-alcoholic
fatty liver disease in obese rats. FASEB J. 2005; 19: 136–138. PMID: 15522905
38. Gupte RS, Floyd BC, Kozicky M, George S, Ungvari ZI, Neito V, et al. Synergistic activation of glucose-
6-phosphate dehydrogenase and NAD(P)H oxidase by Src kinase elevates superoxide in type 2 diabet-
ic, Zucker fa/fa, rat liver. Free Radic Biol Med. 2009; 47: 219–228. doi: 10.1016/j.freeradbiomed.2009.
01.028 PMID: 19230846
39. Risom L, Møller P, Hansen M, Autrup H, Bornholdt J, Vogel U, et al. Dietary elevated sucrose modula-
tion of diesel-induced genotoxicity in the colon and liver of Big Blue rats. Arch Toxicol. 2003; 77: 651–
656. PMID: 12937889
40. Risom L, Dybdahl M, Bornholdt J, Vogel U, Wallin H, Møller P, et al. Oxidative DNA damage and de-
fence gene expression in the mouse lung after short-term exposure to diesel exhaust particles by inha-
lation. Carcinogenesis. 2003; 24: 1847–1852. PMID: 12919962
41. Risom L, Dybdahl M, Møller P, Wallin H, Haun T, Vogel U, et al. Repeated inhalations of diesel exhaust
particles and oxidatively damaged DNA in young oxoguanine DNA glycosylase (OGG1) deficient mice.
Free Radic Res. 2007; 41: 172–181. PMID: 17364943
42. Dybdahl M, Risom L, Møller P, Autrup H, Wallin H, Vogel U, et al. DNA adduct formation and oxidative
stress in colon and liver of Big Blue rats after dietary exposure to diesel particles. Carcinogenesis.
2003; 24: 1759–1766. PMID: 12919963
43. Risom L, Møller P, Vogel U, Kristjansen PEG. Loft S X-ray-induced oxidative stress: DNA damage and
gene expression of HO-1, ERCC1 andOGG1 in mouse lung. Free Radic Res. 2003; 37: 957–966.
PMID: 14670003
44. Kitade M, Yoshiji H, Kojima H, Ikenaka Y, Noguchi R, Kaji K, et al. Leptin-mediated neovascularization
is a prerequisite for progression of nonalcoholic steatohepatitis in rats. Hepatology. 2006; 44: 983–991.
PMID: 17006938
45. Mozaffari MS, Abdelsayed R, Liu JY, Wimborne H, El-Remessy A, El-Marakby A. Effects of chromium
picolinate on glycemic control and kidney of the obese Zucker rat. Nutr Metab (Lond). 2009; 6:51. doi:
10.1186/1743-7075-6-51 PMID: 20003253
Oxidative Stress and Vascular Dysfunction in Rats
PLOS ONE | DOI:10.1371/journal.pone.0118773 March 4, 2015 18 / 19
46. Barregard L, Møller P, Henriksen T, Mistry V, Koppen G, Rossner P, et al. Human and methodological
sources of variability in the measurement of urinary 8-oxo-7,8-dihydro-2'-deoxyguanosine. Antioxid
Redox Signal. 2013; 18: 2377–2391. doi: 10.1089/ars.2012.4714 PMID: 23198723
47. Subramanian R, MacLeod KM. Age-dependent changes in blood pressure and arterial reactivity in
obese Zucker rats. Eur J Pharmacol. 2003; 477: 143–152. PMID: 14519418
48. Laurant P, Adrian M, Berthelot A. Effect of age on mechanical properties of rat mesenteric small arter-
ies. Can J Physiol Pharmacol. 2004; 82: 269–275. PMID: 15181465
49. Romanko OP, Stepp DW. Reduced constrictor reactivity balances impaired vasodilation in the mesen-
teric circulation of the obese Zucker rat. Am J Physiol Heart Circ Physiol. 2005; 289: H2097–H2102.
PMID: 15951349
50. Young EJ, Hill MA, Wiehler WB, Triggle CR, Reid JJ. Reduced EDHF responses and connexin activity
in mesenteric arteries from the insulin-resistant obese Zucker rat. Diabetologia. 2008; 51: 872–881. doi:
10.1007/s00125-008-0934-y PMID: 18324386
51. Bouvet C, de Belin CE, Guihot AL, Vessieres E, Bocquet A, Dumont O, et al. Flow-induced remodeling
in resistance arteries from obese Zucker rats is associated with endothelial dysfunction. Hypertension.
2007; 50: 248–254. PMID: 17515452
52. Oltman CL, Richou LL, Davidson EP, Coppey LJ, Lund DD, Yorek MA. Progression of coronary and
mesenteric vascular dysfunction in Zucker obese and Zucker diabetic fatty rats. Am J Physiol Heart
Circ Physiol. 2006; 291: H1780–H1787. PMID: 16714356
53. Mingorance C, del Gonzalez PM, Dolores HM, de Alvarez SM. Oral supplementation of propionyl-l-car-
nitine reduces body weight and hyperinsulinaemia in obese Zucker rats. Br J Nutr. 2009; 102: 1145–
1153. doi: 10.1017/S0007114509389230 PMID: 19545458
Oxidative Stress and Vascular Dysfunction in Rats
PLOS ONE | DOI:10.1371/journal.pone.0118773 March 4, 2015 19 / 19
